Introduction {#S0001}
============

Gastric cancer (GC) is one of the most common types of cancers worldwide, and the third and fifth leading cause of cancer-related death in males and females, respectively.[@CIT0001] Although the available treatment options have been greatly improved, the prognosis of GC patients remains poor because of recurrence and metastasis after surgical resection.[@CIT0002],[@CIT0003] Hence, it is necessary to investigate the molecular mechanisms underlying GC carcinogenesis and metastasis for the development of innovative therapeutic options and strategies.

SWI/SNF Related, Matrix Associated, Actin Dependent Regulator of Chromatin, Subfamily E, Member 1 (SMARCE1) -- also known as BAF57 -- is a core subunit of the mammalian SWI/SNF ATP-dependent chromatin remodeling complex.[@CIT0004] Tumorigenesis is closely related to gene transcription, DNA replication error, and DNA repair,[@CIT0005]--[@CIT0007] which are regulated in part by the chromatin remodeling complex.[@CIT0008]--[@CIT0010] Thus, SMARCE1 -- a core member of this complex -- has gradually attracted attention in cancer research.[@CIT0011]--[@CIT0013] Initially, members of this complex (including SMARCE1) were considered tumor suppressors.[@CIT0014],[@CIT0015] However, recent studies demonstrated that SMARCE1 plays an oncogenic and aggressive role in cancer,[@CIT0016]--[@CIT0019] despite other research reporting a converse standpoint.[@CIT0020]--[@CIT0022] This controversy in data indicates that SMARCE1 plays a diverse role in tumorigenesis and progression of cancers originating from different tissues. Crucially, the role of SMARCE1 in GC has not been investigated.

In this study, we initially examined the expression level of SMARCE1 in GC tissues and cell lines. Subsequently, we analyzed the correlation of SMARCE1 with the clinicopathological features and overall survival (OS) of GC patients. A multivariate analysis was used to determine whether SMARCE1 is an independent risk factor of OS in GC patients. Furthermore, we investigated the roles of SMARCE1 in the proliferation, migration, and invasion of GC cells in vitro and tumorigenesis in vivo. In addition, we aimed to identify the signaling pathway through which SMARCE1 may be involved in GC.

Materials and methods {#S0002}
=====================

Patients and samples {#S0002-S2001}
--------------------

In this study, tissue specimens were collected from 122 GC patients who underwent surgery at the Second Xiangya Hospital of Central South University (Changsha, China) from May 2010 to June 2012. The clinical pathological characteristics of all patients and correlation with SMARCE1 expression are shown in [Table 1](#T0001){ref-type="table"}. Among these patients, 20 matched fresh GC tissues and adjacent non-tumor (NT) tissues were collected for quantitative real-time PCR (qRT-PCR) and western blotting. These patients did not receive preoperative chemotherapy or radiotherapy.Table 1Correlation of SMARCE1 expression with the clinicopathological characteristics of GC patientsVariablesnSMARCE1 expression*P*-valueHigh (n=77)Low (n=45)**Gender**0.124Male815526Female412219**Age, years**0.735≤60432815\>60794930**Tumor size, cm0.017**≤5562927\>5664818**Depth of invasion0.006**T1+T2512526T3+T4715219Differentiation**0.022**Well or moderate542826Poor or other684919Lymph node involvement**0.020**Absence462323Presence765422**Distant metastasis**0.970Absence1147242Presence853**TNM stage0.005**I--II532627III--IV695118[^1][^2]

RNA isolation and qRT-PCR analysis {#S0002-S2002}
----------------------------------

Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA Thermo Fisher Scientific, Waltham, MA, USA). cDNA was synthesized using the RevertAid First Strand cDNA Synthesis kit (Fermentas, Compton, CA, USA), followed by qRT-PCR using the SYBR Green PCR kit (Toyobo, Osaka, Japan). Each sample was analyzed in triplicate. Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) served as internal control. SMARCE1 primers were synthesized and purchased from Sangon Biotech Company (Shanghai, China) as follows: forward: 5ʹ-CCACCAGATAAGCCGCTGATGC-3ʹ and reverse: 5ʹ-TCTCGCCACATGCCACCAATAATC-3ʹ; GAPDH forward: 5ʹ-CCGAGAATGGGAAGCTTGTC-3ʹ and reverse: 5ʹ-AAGCACCAACAGAGGAGAA-3ʹ. The 2^−∆∆Ct^ method was used to analyze the qRT-PCR results.

Western blotting analysis {#S0002-S2003}
-------------------------

Total proteins were extracted by lysing cells in radio-Immunoprecipitation assay buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) (Beyotime, Shanghai, China) supplemented with 1% protease inhibitor cocktail (NCM Biotech Co. Ltd, Suzhou, China). Proteins were separated through 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (Beyotime) and electrotransferred onto polyvinylidene ﬂuoride membrane (Millipore, Billerica, MA, USA). The blotted membranes were blocked in 5% skimmed milk (Biosharp, Hefei, China) for 1 h at room temperature, followed by incubation with primary antibodies against SMARCE1 (1:1,000, Affinity Biosciences, Cincinnati, OH, USA), p-ERK1/2 (1:1,000, Abcam, Cambridge, MA, USA), ERK1/2 (1:1,000, Affinity Biosciences, Cincinnati, OH, USA), MMP9 (1:1,000, Affinity Biosciences, Cincinnati, OH, USA), cyclin D1 (1:1,000, Affinity Biosciences, Cincinnati, OH, USA), and β-actin (1:1,000, Proteintech, Rosement, IL, USA) under gentle rocking at 4 °C overnight. After washing, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:10,000, Zhongshan Gold Bridge Biotechnology, Beijing, China) at room temperature for 30 min. An enhanced chemiluminescence kit (NCM Biotech Co. Ltd) was used to perform chemiluminescent detection. The gray values of the target bands were analyzed using the ImageJ software (NIH Image, Bethesda, MD, USA).

Immunohistochemistry (IHC) {#S0002-S2004}
--------------------------

Formalin-fixed and paraffin-embedded tissue sections (4 μm) were stained using the polymer HRP detection system (Zhongshan Gold Bridge Biotechnology). The paraffin sections were dewaxed in xylene and rehydrated with graded ethanol, followed by antigen retrieval using 0.01 M sodium citrate buffer (pH 6.0). The endogenous peroxidase was eliminated using 0.3% hydrogen peroxide. Subsequently, the sections were blocked with 10% goat serum (Solarbio, Beijing, China) for 30 min at room temperature. The sections were incubated with SMARCE1 antibody (1:200, Affinity Biosciences, Cincinnati, OH, USA) and ki-67 antibody (1:300, Cell Signaling Technology, Beverly, MA, USA) overnight at 4 °C in a humidified chamber, followed by incubation with HRP-conjugated secondary antibody (Zhongshan Gold Bridge Biotechnology) at room temperature for 30 min. After washing thrice with phosphate-buffered saline, antibody binding was detected using diaminobenzidine (Zhongshan Gold Bridge Biotechnology). Tissue sections were counterstained using hematoxylin (Sigma-Aldrich, St. Louis, MO, USA), dehydrated with graded ethanol, mounted on coverslips using neutral resins (Solarbio). Appropriate positive and negative controls were included for each IHC experiment. All stained sections were evaluated by two investigators in a blinded manner. Immunohistochemical staining was scored according to the percentage of positively stained tumor cells in a field as follows: 0 (\<5%), 1 (5--30%), 2 (31--50%), 3 (51--80%), and 4 (\>80%).[@CIT0023] Subsequently, the GC specimens were divided according to their protein expression into the low-expression group (0--1) and high-expression group (2--4) for further analysis.

Cell culture {#S0002-S2005}
------------

Human GC cell lines (MGC-803, BGC-823, MKN-28, and AGS) and normal gastric mucosa line GES-1 were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were cultivated in Roswell Park Memorial Institute's (RPMI) 1640 medium supplemented with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA Thermo Fisher Scientific). All cells were grown at 37 °C in an atmosphere containing 5% CO~2~.

Production of stable cell lines {#S0002-S2006}
-------------------------------

The SMARCE1 ectopic expression, knockdown, and control lentiviruses were purchased from GeneChem (Shanghai, China). MGC-803 and AGS cells were infected with ectopic expression lentivirus, or lentiviral containing short hairpin RNAs (shRNA) targeting SMARCE1 according to the manufacturer's instructions. The shRNA sequences of SMARCE1 were as follows: shSMARCE1-1: 5ʹ-GGTCCAGTCCTTAATGGTT-3ʹ; shSMARCE1-2: 5ʹ-CCTAAAGTTGTGGGAGATT-3ʹ; shSMARCE1-3: 5ʹ-GCTGAAGATCCAGATGATT-3ʹ. Cells transfected with empty vector were used as negative controls. Following lentiviral transfection, the infected cells were subsequently screened in freshed medium with 2.5 μg/mL puromycin (Sigma-Aldrich). Every three days, the fresh medium with 2.5 μg/mL puromycin (Sigma-Aldrich) was replaced. After 10--14 days, the transfected single-cell clonal isolates survived. The efficiency of transduction was verified by qRT-PCR and western blotting analysis.

Cell Counting Kit-8 (CCK-8) assay and colony formation assay {#S0002-S2007}
------------------------------------------------------------

The CCK-8 assay was performed according to the instructions provided by the manufacturer (Dojindo Molecular Technologies, Kumamoto, Japan). For the CCK-8 assay with a specific mitogen-activated protein kinase (MAPK) inhibitor, cells were treated with 10 µM U0126 (Selleck Chemicals LLC, Shanghai, China). For the colony formation assay, 5×10^2^ cells per well were seeded in a six-well plate (NEST, Wuxi, China) and cultured for 2 weeks. Colonies were stained with 1% crystal violet (Solarbio) and counted. Each experiment was performed in triplicate.

Wound healing assay {#S0002-S2008}
-------------------

Cells were seeded in six-well plates. At a 90% cell confluence, wounds were created by scraping the confluent cell monolayers using a sterile 10-µl pipette tip. Serum-free medium with mitomycin-C (10 µg/mL, Sigma-Aldrich) was used to suppress cell proliferation. The healing area was assessed after 24 h. Each experiment was performed in triplicate.

Transwell migration and invasion assay {#S0002-S2009}
--------------------------------------

For the cell invasion and migration assay, transwell chambers with 8-µm pores (Corning Costar Corp., Cambridge, MA, USA) were coated with or without 200 µl Matrigel at 200 µg/mL (BD Biosciences, San Jose, CA, USA) and incubated overnight. A total of 1×10^5^ cells incubated in serum-free medium were seeded in the upper chambers. The lower chamber was filled with RPMI 1640 medium containing 10% FBS. After incubation for 24 h at 37 °C, the cells which remained in the upper chamber were removed using a wet swab. The cells which remained in the lower surface were fixed with 4% paraformaldehyde, stained with 0.1% crystal violet dye (Solarbio) for 10 min at room temperature, and counted using an inverted microscope (Nikon, Tokyo, Japan). Each assay was performed in triplicate.

Immunofluorescence (IF) {#S0002-S2010}
-----------------------

For cytoskeleton staining, cells were cultured on the glass coverslips (NEST), fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 (Beyotime), and stained with Phalloidin (Sigma-Aldrich) according to the protocol provided by the manufacturer. Subsequently, 4ʹ,6-diamidino-2-phenylindole (Solarbio) was used to counterstain the cell nucleus. After mounting on the coverslips, the cells were visualized using a fluorescence microscope (Leica, Solms, Germany).

Subcutaneous tumor model in nude mice {#S0002-S2011}
-------------------------------------

BALB/c nude mice were purchased from SLAC Laboratory Animal Co. (Shanghai, China). A total of 5×10^6^ cells were subcutaneously injected into the left upper flank regions of BALB/c nude mice (5 mice per group). The size of the tumor nodules was measured every 5 days. One month later, all mice were sacrificed and the tumor nodules were removed and weighed. The tumor size was calculated as follows: volume (m^3^) =1/2 length × width^2^.

Statistical analysis {#S0002-S2012}
--------------------

All quantified data are shown as the mean ± SD. Statistical analysis was conducted using the SPSS 19.0 (IBM Corporation, Armonk, NY, USA) software. Two-tailed Student's independent sample *t*-test was used for comparisons of continuous values between two independent groups. The association between SMARCE1 expression and the clinicopathological characteristics of GC was analyzed using the Chi-squared test. OS was analyzed using the Kaplan--Meier method, and the log-rank test was used to compare the survival between two groups. Univariate and multivariate analyses were conducted using the Cox proportional hazards regression model. A *P*\<0.05 denoted statistical significance.

Ethics statement {#S0002-S2013}
----------------

According to the Declaration of Helsinki, written informed consent was obtained from all the patients/patients' families. The present study and all experimental procedures were approved by the Ethics Committee of The Second Xiangya Hospital of Central South University. All experiments involving animals were performed in accordance with the guidelines of the Laboratory Animal Ethics Committee of Central South University.

Results {#S0003}
=======

SMARCE1 is upregulated in GC {#S0003-S2001}
----------------------------

Initially, we used the online Cancer Genome Atlas (TCGA, <http://gepia.cancer-pku.cn>) and Oncomine dataset (<https://www.oncomine.org>) to determine the expression level of SMARCE1 in GC. We found that SMARCE1 mRNA was highly expressed in GC tissues compared with normal gastric mucosa tissues ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}). In order to further verify this finding, we examined the mRNA expression of SMARCE1 in 20 fresh human GC tissues and paired adjacent NT tissues through qRT-PCR. As expected, the data showed that SMARCE1 was significantly upregulated in GC tissues versus NT tissues ([Figure 1C](#F0001){ref-type="fig"}). Consistent with the upregulated mRNA expression, the protein expression of SMARCE1, determined through western blotting, was markedly higher in GC tissues than that observed in NT tissues ([Figure 1D](#F0001){ref-type="fig"}). Collectively, these data indicated that SMARCE1 was upregulated in GC.Figure 1SMARCE1 is upregulated in GC tissues.**Notes:**(**A** and **B**) the mRNA expression of SMARCE1 was significantly higher in GC tissues than in normal tissues according to TCGA data (<http://gepia.cancer-pku.cn>) and Oncomine dataset (<https://www.oncomine.org>). (**C**) The mRNA expression of SMARCE1 was measured in 20 paired fresh human GC tissues (T) and matched adjacent non-tumor tissues (NT). (**D**) The protein expression of SMARCE1 in eight randomly selected paired T and NT tissues was examined using western blotting. β-actin was used as a control.**Abbreviations:** TCGA, the cancer genome atlas; STAD, stomach adenocarcinoma; N, normal gastric mucosa tissures; T, gastric cancer; NT, adjacent non-tumor tissues; kD, kilodalton.

Elevated SMARCE1 correlates with poor clinicopathological features and indicates poor prognosis in GC patients {#S0003-S2002}
--------------------------------------------------------------------------------------------------------------

The IHC analysis showed that staining for SMARCE1 was markedly stronger in GC tissues than that observed in NT tissues ([Figure 2A](#F0002){ref-type="fig"}). Furthermore, clinical data suggested that elevated SMARCE1 expression was significantly correlated with tumor size, depth of invasion, differentiation, lymph node involvement, and TNM stage ([Table 1](#T0001){ref-type="table"}). Survival analysis from the TCGA showed that GC patients with high SMARCE1 expression were associated with poor OS ([Figure 2B](#F0002){ref-type="fig"}). Consistently, our survival analysis showed that high expression of SMARCE1 in GC patients was linked to poor OS ([Figure 2C](#F0002){ref-type="fig"}). More importantly, the multivariate analysis showed that high SMARCE1 expression was an independent risk factor of poor OS in GC patients ([Table 2](#T0002){ref-type="table"}). These results indicate that SMARCE1 may be a novel independent prognosis biomarker for GC patients and play important roles in GC progression.Table 2Uni- and multivariate analysis for risk factors of OS in GC patientsUnivariate analysisMultivariate analysisVariablesHR95% CI*P*-valueHR95% CI*P*-valueGender (male/female)0.7360.560--2.4060.239------Age, years (≤60/\>60)1.2610.986--1.9570.296------Tumor size, cm (≤5/\>5)2.6501.567--4.264**0.027**1.5530.813--1.9380.266Depth of invasion (T1--2/T3--4)2.3361.922--4.117**0.022**1.3411.026--3.5410.124Differentiation (well/poor)1.8130.945--3.2850.228------TNM stage (III--IV/I--II)3.2941.601--5.882**0.002**2.0211.253--3.492**0.025**SMARCE1 expression (low/high)3.5291.383--5.182**\<0.001**2.6771.588--4.325**0.006**[^3][^4] Figure 2Elevated SMARCE1 expression indicates poor prognosis in GC patients.**Notes:**(**A**) Representative image of SMARCE1 immunohistochemical staining in 122 paired NT and human GC samples. Up: magnification ×100; down: magnification x400. (**B**) High SMARCE1 expression showed poor survival in GC patients in TCGA dataset. (**C**) The Kaplan--Meier curve and log-rank test for OS from our data showed poor survival in GC patients with high SMARCE1 expression.**Abbreviations:** GC, gastric cancer; NT, adjacent non-tumor tissues; TCGA, The Cancer Genome Atlas; TPM, transcripts per million.

The expression level of SMARCE1 in GC cell lines and transfection efficiency in AGS and MGC-803 cells {#S0003-S2003}
-----------------------------------------------------------------------------------------------------

The qRT-PCR and western blotting analyses showed that the mRNA and protein levels of SMARCE1 in four GC cell lines (ie, MGC-803, BGC-823, MKN-28, and AGS) were significantly higher than those observed in the gastric mucosa cell line GES-1 ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). The MGC-803 and AGS cell lines demonstrated the lowest and highest expression of SMARCE1, respectively. Subsequently, we selected MGC-803 and AGS cells to construct corresponding models of ectopic expression or knockdown of SMARCE1 through lentivirus transfection for further functional investigation. Following stable transfection, qRT-PCR and western blotting were used to analyze the efficiency of SMARCE1 overexpression or knockdown in both cell lines. For AGS and MGC-803 cells, the shRNA-3 exhibited the most efficient knockdown of SMARCE1 among the three shRNAs ([Figures 3C](#F0003){ref-type="fig"}, [D](#F0003){ref-type="fig"} and [S1A](#SD1){ref-type="supplementary-material"}). SMARCE1 was visibly elevated after transfection with the overexpression lentivirus in AGS and MGC-803 cells ([Figures 3E](#F0003){ref-type="fig"}, [F](#F0003){ref-type="fig"} and [S1B](#SD1){ref-type="supplementary-material"}).Figure 3SMARCE1 expression in GC cells and lentiviral transfection efficiency in AGS and MGC-803 cells.**Notes:** (**A**) The mRNA level of SMARCE1 in GC cells and gastric mucosa cell line GES-1 was measured using qRT-PCR. (**B**) Protein expression of SMARCE1 was determined through western blotting. (**C** and **D**) The knockdown efficiency of three shRNA targeting SMARCE1 in AGS was detected using qRT-PCR and western blotting; shSMARCE1-3 was the most effective. (**E** and **F**) The overexpression efficiency of SMARCE1 in MGC-803 cells was measured through qRT-PCR and western blotting. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.**Abbreviations:** GC, gastric cancer; qRT-PCR, quantitative real-time PCR.

SMARCE1 promotes GC cell growth in vitro and in vivo {#S0003-S2004}
----------------------------------------------------

We performed CCK-8 assay and colony formation assay in vitro to determine the role of SMARCE1 in the proliferation of GC cells. The CCK-8 assay showed that the overexpression of SMARCE1 enhanced the viability of AGS and MGC-803 cells ([Figures 4A](#F0004){ref-type="fig"} and [S1C](#SD1){ref-type="supplementary-material"}). In addition, the colony formation assay demonstrated enhanced colony growth in GC cells with high SMARCE1 expression versus those with low SMARCE1 expression ([Figures 4B](#F0004){ref-type="fig"} and [S1D](#SD1){ref-type="supplementary-material"}). Furthermore, we examined the protein expression of SMARCE1 and ki-67 through IHC in 80 human GC tissues, and found a strong positive correlation between SMARCE1 and ki-67 ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). To further verify the role of SMARCE1 in GC growth, we subcutaneously injected cells with ectopic expression of SMARCE1 and control cells into nude mice for the production of xenograft models. Through a dynamic measurement of tumor volume, we found that GC cells with aberrantly high expression of SMARCE1 grew faster than those with low SMARCE1 expression ([Figure 5A](#F0005){ref-type="fig"}). In addition, ectopic expression of SMARCE1 in MGC-803 cells markedly increased tumor volume and weight compared with those observed in MGC-803^ctrl^. On the contrary, knockdown of SMARCE1 in AGS cells significantly reduced tumor size and weight compared with those measured in AGS^shctrl^ ([Figure 5B](#F0005){ref-type="fig"}--[D](#F0005){ref-type="fig"}). Collectively, these data confirmed that SMARCE1 promoted GC cell growth in vitro and in vivo.Figure 4SMARCE1 promotes GC cell proliferation in vitro.**Notes:**(**A**) GC cell viability was assessed using the CCK-8 assay after transfection with SMARCE1, shSMARCE1, or control lentiviruses. (**B**) The proliferative capacity was evaluated through a colony formation assay and quantitative data of the colony number are shown. (**C**) Representative images of SMARCE1 and ki-67 IHC staining in 80 human GC tissues. Magnification ×400; (**D**) Correlation analysis revealed a strong correlation between SMARCE1 and ki-67 in GC tissues. The data are shown as the mean ± SD of three independent experiments. \*\**P*\<0.01; \*\*\**P*\<0.001.**Abbreviations:** OD, optical density; GC, gastric cancer; CCK-8, Cell Counting Kit-8* *.Figure 5SMARCE1 significantly promotes GC cell growth in vivo.**Notes:**(**A**) The tumor growth dynamic curve showed that tumors derived from overexpressed SMARCE1 GC cells grew faster than those derived from control cells. In contrast, knockdown of SMARCE1 inhibited GC cell growth. (**B**) Subcutaneous tumor model to observe the effect of SMARCE1 on GC growth in vivo. (**C**) Tumor volume was calculated. (**D**) Tumor weight was measured. The data are shown as the mean ± SD. \*\*\**P*\<0.001.**Abbreviation:** GC, gastric cancer.

SMARCE1 promotes GC cell migration and invasion in vitro {#S0003-S2005}
--------------------------------------------------------

We performed wound healing assay and transwell migration and invasion assays to investigate the role of SMARCE1 in the mobility of GC cells. In the wound healing assay, our data showed that cells with high SMARCE1 expression exhibited a significantly increased healing area compared with those expressing low levels of SMARCE1 ([Figures 6A](#F0006){ref-type="fig"}, [B](#F0006){ref-type="fig"} and [S1E](#SD1){ref-type="supplementary-material"}). In the transwell migration and invasion assays, high SMARCE1 expression significantly increased the ability of GC cells for migration and invasion ([Figures 6C](#F0006){ref-type="fig"}, [D](#F0006){ref-type="fig"} and [S1F](#SD1){ref-type="supplementary-material"}). In addition, IF analysis showed that MGC-803^SMARCE1^ cells presented an elongated cellular morphology and the appearance of F-actin fibers compared with MGC-803^ctrl^ cells. In contrast, AGS^shSMARCE1^ cells exhibited a cobblestone shape and shrinkable F-actin fiber changes compared with AGS^shcontrol^ cells ([Figure 6E](#F0006){ref-type="fig"}). Collectively, these observations suggested that SMARCE1 promoted the migration and invasion of GC cells in vitro.Figure 6SMARCE1 promotes GC cell migration and invasion in vitro.**Notes:**(**A** and **B**) The migration ability of GC cells was measured using a wound healing assay. MGC-803^SMARCE1^ and AGS^shctrl^ cells showed greater migration ability. (**C** and **D**) The migration and invasion ability of GC cells were assessed using transwell assays. MGC-803^SMARCE1^ and AGS^shctrl^ cells showed stronger migration and invasion ability. Magnification ×100. (**E**) The morphological change observed in GC cells are shown by the staining of F-actin. All data are shown as mean ± SD. Magnification ×200; \*\**P*\<0.01; \*\*\**P*\<0.001.**Abbreviations:** h, hours; F-actin, fibrous actin; DAPI, 4ʹ,6-diamidino-2-phenylindole; GC, gastric cancer.

SMARCE1 increases GC cell proliferation, migration, and invasion via activation of the MAPK/ERK signaling pathway {#S0003-S2006}
-----------------------------------------------------------------------------------------------------------------

We aimed to determine the potential mechanisms underlying the oncogenic role of SMARCE1 in GC by investigating the involvement of signaling pathways. Considering that the MAPK/ERK signaling pathway plays a critical role in cell proliferation and mobility, we examined the expression of several key proteins of this pathway in GC cells. As shown in [Figure 7](#F0007){ref-type="fig"}, ectopic expression of SMARCE1 in MGC-803 significantly upregulated the expression of phosphorylated erk1/2. Moreover, the expression of downstream effector protein MM9 and cyclin D1 was upregulated. Conversely, in AGS cells, knockdown of SMARCE1 downregulated the expression of phosphorylated erk1/2, MMP9, and cyclin D1 ([Figure 7A](#F0007){ref-type="fig"}). Through gray analysis, significant differences in protein expression were revealed in AGS^shctrl^ and MGC-803^SMARCE1^ cells versus AGS^shSMARCE1^ and MGC-803^ctrl^ cells ([Figure 7B](#F0007){ref-type="fig"}). Furthermore, we utilized 10 µM of U0126 to verify the role of MAPK/ERK pathway in the SMARCE1-mediated growth and mobility of GC cells. The results showed that U0126 markedly inhibited SMARCE1-induced proliferation in GC cells ([Figure 7C](#F0007){ref-type="fig"}). In addition, the migration of GC cells with high SMARCE1 expression was blocked ([Figure 7D](#F0007){ref-type="fig"} and [F](#F0007){ref-type="fig"}) and their SMARCE1-induced invasiveness was abolished ([Figure 7E](#F0007){ref-type="fig"} and [G](#F0007){ref-type="fig"}). These results indicated that SMARCE1 increased the proliferation, migration, and invasion of GC cells via the activation of the MAPK/ERK signaling pathway.Figure 7SMARCE1 increases GC cell proliferation, migration, and invasion via activation of the MAPK/ERK signaling pathway.**Notes:**(**A**) The protein expression of SMARCE1, ERK1/2, p-ERK1/2, MMP9, and cyclin D1 was examined through western blotting. β-actin was used as control. (**B**) The relative protein expression was analyzed using the gray level and presented as mean ± SD. (**C**) The CCK-8 assay detected the proliferation of MGC-803^SMARCE1^, AGS^shSMARCE1^, and control cells treated with 10 μM of U0126 -- an inhibitor of the MAPK/ERK signaling pathway or DMSO. U0126 blocked the proliferation of GC cells induced by SMARCE1. (**D**) A wound healing assay was performed to evaluate the migration ability of MGC-803^SMARCE1^, AGS^shSMARCE1^, and control cells with or without U0126 treatment. U0126 abrogated the SMARCE1-induced GC cell migration. (**E**) The invasion ability of MGC-803^SMARCE1^, AGS^shSMARCE1^, and control cells was determined using a transwell invasion assay. Cell invasion triggered by SMARCE1 was almost completely abolished following treatment with U0126. (**F**) Quantification of wound closure was shown. (**G**) Quantification of invasion ability was shown. All data are shown as mean ± SD. Magnification ×100; \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.**Abbreviations:** p-ERK1/2, phosphorylated ERK1/2; MMP9, matrix metalloproteinase 9; DMSO, dimethyl sulfoxide; GC, gastric cancer.

Discussion {#S0004}
==========

In spite of great advancements in the diagnosis and treatment of GC, the underlying pathogenesis remains poorly reported and the OS rate remains low.[@CIT0002] This was the first study to demonstrate that SMARCE1 is overexpressed in GC. We initially analyzed the mRNA expression of SMARCE1 in GC from TCGA and Oncomine dataset. We found that SMARCE1 was significantly upregulated in GC compared with adjacent normal tissues. In addition, the mRNA expression of SMARCE1 from 20 paired fresh GC samples and four GC cell lines further verified the upregulation of SMARCE1 in GC. Furthermore, we found significantly elevated protein expression of SMARCE1 in GC tissues through IHC analysis of 122 paired human GC specimens. Collectively, these findings confirmed that SMARCE1 expression was upregulated in GC. Our results are consistent with those reported by previous studies showing that SMARCE1 expression increased in various types of cancer, such as endometrial carcinoma and ovarian cancer.[@CIT0017],[@CIT0024] Moreover, in prostate cancer, high nuclear expression of SMARCE1 and higher expression in metastatic cancer samples were observed.[@CIT0018],[@CIT0019] Overexpression of SMARCE1 has been identified in human breast cancer cell lines and tissues.[@CIT0025]--[@CIT0028] Overall, the upregulation of SMARCE1 indicates that SMARCE1 may act as an oncogene.

Based on the IHC staining results, our study also revealed that SMARCE1 was associated with the malignant clinicopathological characteristics of GC, including tumor size, depth of invasion, degree of differentiation, lymph node involvement, and TNM stage. Besides, the Kaplan--Meier analysis revealed that patients with high SMARCE1 expression were associated with significantly poor OS. Furthermore, we found that high SMARCE1 expression was an independent risk factor of poor OS in GC patients. The results of the present study strongly indicated that SMARCE1 may be involved in GC progression and prognosis. Consistent with our results, a previous study showed that SMARCE1 was significantly associated with the malignant clinicopathological features endometrial carcinoma and was an independent prognostic factor of poor survival.[@CIT0024] In addition, high SMARCE1 expression has been associated with poor prognosis in breast cancer patients.[@CIT0025],[@CIT0029] Combined, these observations establish the prognostic value of SMARCE1 as a novel biomarker of GC progression.

Tumor progression is closely associated with the malignant biological behavior of tumor cells.[@CIT0030] In our study, we found that ectopic expression of SMARCE1 increased proliferation, migration, and invasion, and induced aggressive morphology in MGC-803 cells. Knockdown of SMARCE1 in AGS and MGC-803 cells inhibited the potential for cell proliferation, migration, and invasion. More importantly, in vivo, SMARCE1 significantly promoted GC cell growth. Consistent with our study, Sethuraman et al reported that SMARCE1 promoted lung metastasis of breast cancer.[@CIT0025] In prostate cancer, SMARCE1 conferred migration advantages by inducing a metastasis-specific cell morphology.[@CIT0018] In agreement with the above, Sokol et al stated that SMARCE1 was required for cancer cell invasion and metastasis in breast cancers.[@CIT0029] However, another study showed that knockdown of SMARCE1 induced cell-cycle arrest in the G2-M phase and inhibition of proliferation.[@CIT0016] These studies confirmed the promoting role of SMARCE1 in tumor progression.

The MAPK/ERK signaling pathway plays a critical role in tumor growth and metastasis.[@CIT0031],[@CIT0032] In our study, knockdown of SMARCE1 decreased the activation of the MAPK/ERK pathway. In contrast, ectopic expression of SMARCE1 increased the activation of this pathway and upregulated the expression of MMP9 and cyclin D1. Furthermore, inhibition of MAPK/ERK pathway activation diminished the SMARCE1-induced GC cell growth and mobility. Consistent with our study, previous studies reported that SMARCE1 upregulated the expression of proteases in breast cancer, as well as the levels of p-ERK and cell cycle-related proteins.[@CIT0025],[@CIT0029] These findings indicate that SMARCE1 regulates the activation of the MAPK/ERK signaling pathway in GC cells. To the best of our knowledge, this was the first study investigating the role and mechanism of SMARCE1 in GC. Further studies are warranted to elucidate the mechanisms involved in this process.

Conclusion {#S0005}
==========

The present study revealed that SMARCE1 was upregulated in GC and associated with tumor progression and poor prognosis. Functionally, SMARCE1 promoted GC cell growth, migration, and invasion. These findings establish the prognostic value and oncogenic role of SMARCE1, and highlight its potential as a target for therapeutic intervention against GC.
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Figure S1SMARCE1 promotes GC cell proliferation, migration, and invasion. **Notes:**(**A**) The mRNA and protein expression levels of SMARCE1 in MGC-803 cells transfected with shSMARCE1 or shcontrol knockdown lentiviruses. (**B**) The mRNA and protein levels of SMARCE1 in AGS cells transfected with SMARCE1 or control overexpression lentiviruses. (**C**) The CCK-8 assay detected the cell viability of MGC-803^shSMARCE1^, AGS^SMARCE1^, and corresponding control cells. SMARCE1 knockdown attenuated GC cell proliferation. (**D**) The colony formation assay examined the proliferation of MGC-803^shSMARCE1^, AGS^SMARCE1^, and corresponding control cells. Aberrant expression of SMARCE1 increased colony formation. (**E**) The wound healing assay evaluated the migration ability of GC cells. (**F**) The transwell invasion assay assessed the invasiveness of GC cells. Magnification ×100; \*\**P*\<0.01; \*\*\**P*\<0.001.**Abbreviations:** OD, optical density; h, hours; GC, gastric cancer; CCK-8, Cell Counting Kit-8.

[^1]: **Note:** Bold values are statistically significant *p*\<0.05.

[^2]: **Abbreviation:** GC, gastric cancer.

[^3]: **Note:** Bold values are statistically significant *p*\<0.05.

[^4]: **Abbreviations:** OS, overall survival; GC, gastric cancer.
